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A  few  compositions  in  the  system  Cei_xSrx02-x  with  0.05  <x<  0.20  have  been  prepared  by  auto¬ 
combustion  method.  More  than  93%  of  theoretical  density  has  been  achieved  by  sintering  at  1350  °C 
for  4h.  Solid  solution  has  formed  in  the  composition  with  x  =  0.05.  All  other  compositions  have  been 
found  to  contain  XRD  lines  of  SrCe03  beside  the  major  fluorite  phase.  Complex  plane  impedance  analysis 
has  clearly  revealed  the  contribution  of  grains,  grain  boundaries,  and  electrode  specimen  interface  to  the 
total  observed  resistance  of  the  sample.  Conduction  occurs  mainly  due  to  diffusion  of  O2-  ions  through 
oxygen  vacancies  as  indicated  by  values  of  activation  energy  of  conduction.  Composition,  Ce0.95  Sr0.05 
Oi.95  exhibits  the  highest  ionic  conductivity  3.26  x  1 0~3  S  cm-1  at  500  °C  among  the  series.  Ionic  conduc¬ 
tivity  decreases  gradually  with  increasing  x.  This  is  due  to  the  formation  of  a  second  phase  SrCeCh  and 
increasing  probability  of  formation  of  neutral  associated  defect  pairs,  Sr''Ce  -  V”  ■ 
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1.  Introduction 

Solid  oxide  fuel  cells  (SOFCs)  are  the  best  promising  candidates 
for  a  new  generation  power  system  due  to  their  high  efficiency, 
high  waste-heat  utilization,  and  greater  fuel  flexibility  [1].  At 
present,  SOFCs  use  yttria  stabilized  zirconia  (YSZ)  as  solid  elec¬ 
trolyte.  YSZ  exhibits  sufficient  oxygen  ion  conductivity  around 
~1000°C.  This  high-temperature  operation  has  several  disadvan¬ 
tages.  High  operating  temperature  requires  high  cost  materials 
for  long  term  operation.  Development  of  low-cost  materials  with 
high  durability  at  cell  operating  temperatures  is  the  key  challenge 
facing  this  technology.  Major  challenges  for  the  commercializa¬ 
tion  of  SOFC,  is  to  lower  the  temperature  of  operation  using  new 
more  cost-effective  solid  electrolytes  which  exhibit  high  oxide  ion 
conductivity  in  the  temperature  range  500-700  °C.  The  materials 
having  potential  for  this  purpose  are  based  on  ceria  doped  with 
divalent  or  trivalent  cations  [2-8].  Cells  operating  suitably  in  the 
temperature  range  500-700  °C  are  termed  as  intermediate  temper¬ 
ature  solid  oxide  fuel  cell  (IT-SOFC).  Ceria  doped  with  Gd3+(GDC) 
or  Sm3+(SDC)  showed  highest  conductivity  [9,10].  But  Gd  and  Sm 
are  very  costly.  A  series  of  cations  in  the  oxide  form,  such  as  CaO 
[11,12],  SrO  [13,14]  have  been  investigated  as  dopants  for  Ce02.  It 
is  reported  that  alkaline  earth  oxides  are  soluble  in  ceria  up  to  a 
certain  concentration  resulting  in  formation  of  oxygen  vacancies 
and  enhance  ionic  conductivity. 
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In  the  present  work,  electrical  conductivity  of  a  series  of 
strontium  doped  ceria  has  been  investigated.  Citrate-nitrate  auto¬ 
combustion  synthesis  technique  has  been  used  to  obtain  nanocrys¬ 
talline  powders  in  the  system  Cei_xSrx02_x  with  0.05  <x<  0.20. 
These  materials  have  been  characterised  by  measuring  density  and 
studying  their  microstructure  using  scanning  electron  microscope 
(SEM).  Impedance  analysis  has  been  used  to  study  their  conduc¬ 
tion  behaviour.  Compositions  with  x  =  0.05,  0.1,  0.15,  and  0.20  are 
designated  as  CS05,  CSOIO,  CS015  and  CS020,  respectively  in  the 
text. 


2.  Experimental 

Powders  were  prepared  using  citrate-nitrate  auto  combustion 
technique.  Ceric  ammonium  nitrate  (NH4)2[Ce(N03)6],  strontium 
nitrate  Sr(N03  )2 ,  and  citric  acid  (C6H807  H20)  having  purity  greater 
than  99.5%  were  used  as  starting  materials.  Citric  acid  solution  was 
added  to  mixed  solution  of  ceric  ammonium  nitrate  and  strontium 
nitrate  so  that  citrate  to  nitrate  ratio  of  0.3  was  attained.  This  ratio 
was  chosen  based  on  the  previous  reports  in  the  literature  for  com¬ 
bustion.  The  solution  was  evaporated  at  200  °C  on  a  hot  plate  till 
it  became  a  gel.  The  gel  was  heated  until  it  turned  into  a  brown 
viscous  mass.  On  further  heating  this  burnt.  The  method  uses  the 
energy  produced  by  the  exothermic  decomposition  of  a  redox  mix¬ 
ture  of  metal  nitrates  with  an  organic  compound.  In  the  combustion 
mixture,  nitrates  and  citric  acid  behave  as  oxidants  and  fuels 
respectively.  Pale  yellowish  ash  was  obtained  after  combustion. 

The  ash  was  calcined  at  600  °C.The  calcined  powder  was  pressed 
into  pellets  by  applying  70  kN  load  into  a  cylindrical  shape  (diam¬ 
eter  ~15mm  and  thickness  ~l-2mm).  Finally,  the  pellets  were 
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Fig.  1.  Powder  X-ray  diffraction  patterns  of  various  compositions  (a)  CS05,  (b) 
CSO10,  (c)  CS015  and  (d)  CSO20  sintered  at  1350  °C. 


sintered  at  1 350  °C  for  4  h  and  cooled  to  room  temperature.  Density 
of  the  sintered  samples  was  measured  using  Archimedes  principle. 

Powder  X-ray  diffraction  patterns  were  recorded  using  a  Rigaku 
high  resolution  powder  X-ray  diffractometer  employing  Cu  Kai 
radiation  and  Ni-filter.  Data  were  collected  in  the  20  range  from 
20  to  80°.  Lattice  parameter  was  calculated  using  nonlinear  least 
square  fitting  program  ‘UNITCELL’  [15].  The  reflection  from  (111) 
plane  was  used  for  the  determination  of  the  average  crystallite  size. 
The  average  crystallite  size,  D,  of  the  prepared  powder  has  been 
calculated  from  the  Scherrer’s  formula: 


D  = 


0.9X 
P  cos  0 


(1) 


where  X  is  the  wavelength  of  the  X-rays,  0  is  the  diffraction  angle 
and  p  is  corrected  full  width  at  half  maxima  of  the  diffraction  peak. 


Fig.  2.  Variation  of  lattice  parameter  as  function  of  the  dopant  concentration  for  the 
system  Cei_xSrx  02_x. 


Sintered  pellets  were  polished  using  emery  papers  of  grade  1  /0, 2/0, 
3/0,  and  4/0  (Sia,  Switzerland)  followed  by  polishing  on  a  velvet 
cloth  with  diamond  paste  of  gradel/4-OS-475  (HIFIN).  Then  these 
were  etched  thermally  at  1250°C.  Micrographs  were  taken  with 
the  help  of  scanning  electron  microscope  (INSPECT  50  FEE). 

Sintered  pellets  were  polished  on  both  sides  and  electroded 
with  silver  paint  (fired  at  700  °C  for  1 5  min)  for  electrical  measure¬ 
ments.  Electrical  conductivity  of  the  silver  coated  pellets  has  been 
measured  in  the  temperature  range  200-500  °C  at  an  interval  of 
25  °C  using  a  Novocontrol  Alpha-A  High  Performance  Frequency 
Analyzer  in  the  frequency  range  1  Hz  to  1  MHz  with  1 V  applied  ac 
signal.  Impedance  analysis  has  been  used  to  separate  contribution 
of  grains,  grain  boundaries  and  electrode-electrolyte  interface  to 
the  total  electrical  resistance. 

3.  Results  and  discussion 

Crystal  phase  and  solubility  of  the  dopants  have  been  deter¬ 
mined  by  XRD.  Fig.  1  shows  XRD  patterns  of  CS05,  CSO10,  CS015 
and  CSO20  sintered  powders.  XRD  patterns  for  the  calcined  pow¬ 
ders  are  similar  to  those  obtained  after  sintering  except  that  the 
diffraction  lines  become  sharper.  This  is  due  to  grain  growth  occur¬ 
ring  during  sintering.  Diffraction  patterns  were  indexed  on  the  basis 
of  fluorite  structure  similar  to  Ce02  usingJCPDS  file  no.  43-1002  and 
perovskite  type  structure  of  SrCe03  usingJCPDS  file  no.  47-1689. 
From  these  figures,  it  is  clear  that  there  is  precipitation  of  second 
perovskite  phase  SrCe03  in  addition  to  the  fluorite  phase  for  com¬ 
positions  with  x  >  0.05  in  the  present  work.  The  lattice  parameter 
is  shown  in  Table  1.  Change  in  lattice  parameter  is  due  to  larger 
ionic  radius  of  Sr2+  (1.26  A)  as  compared  to  Ce4+  (0.97  A)  [16].  Lat¬ 
tice  parameter  of  Sr2+-doped  ceria  samples  is  plotted  as  a  function 
of  mol%  as  shown  in  Fig.  2. 

Lattice  parameter  increases  very  rapidly  with  increasing  SrO 
content  up  to  5  mol%  and  then  slowly  up  to  10mol%.  It  decreases 


Table  1 

Crystallite  size,  lattice  parameter  and  %  theoretical  density  of  compositions  of  the 
system  Cei_xSrx02_x. 


S.  n. 

Compositions 

Crystallite  size 
of  sintered 
powder  (nm) 

Lattice 

parameter 

(A) 

%  of 

theoretical 

density 

1. 

Ce0.95Sr0.05O1.95 

55 

5.421 

96.8 

2. 

Ce0.90Sr0.1O1.90 

53 

5.429 

94.5 

3. 

Ceo.85Sro.15O1.s5 

54 

5.429 

93.0 

4. 

Ceo.8oSro.2Oi.8o 

51 

5.426 

98.2 

80 
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Fig.  3.  Scanning  electron  micrograph  of  various  compositions  (a)  CS05,  (b)  CS010,  (c)  CS015  and  (d)  CS020  etched  at  1250  °C. 


beyond  15  mol%.  This  shows  that  solid  solubility  of  SrO  in  Ce02  is 
between  5  and  1 0  mol%.  This  is  in  conformity  with  results  of  powder 
XRD  (Fig.  1 )  which  clearly  show  presence  of  the  second  perovskite, 
SrCe03  phase.  Average  crystallite  size,  D,  of  powders,  calculated  by 
Scherrer  s  formula  from  the  XRD  data  was  between  51  and  56  nm 
(Table  1).  Pellets  sintered  at  1350  °C  have  densities  more  than  93% 
of  the  theoretical  values  (Table  1). 

Fig.  3(a)-(d)  shows  SEM  of  thermally  etched  samples  sintered 
at  1350 °C.  It  is  noted  that  there  is  formation  of  dense  material. 
Average  grain  size  of  compositions  CS05,  CSOl  0,  CSOl  5  and  CSO20 
determined  by  linear  intercept  method  is  approx.  2.6,  4.9,  5.1 
and  13.1  [xm  respectively.  Composition  with  x  =  0.05  have  spher¬ 
ical  grains.  Faceting  is  observed  clearly  in  the  compositions  with 
x>0.05.  Presence  of  a  second  phase  SrCe03  is  also  observed  which 
has  been  indicated  by  arrows  in  the  micrographs.  This  is  in  confir- 
mity  with  results  of  XRD. 


Electrical  conductivity  of  the  samples  was  studied  using  com¬ 
plex  plane  impedance  analysis.  Typical  complex  plane  impedance 
plots  of  CS05  and  CSO10  at  different  temperatures  are  shown  in 
Figs.  4(a)-(f)  and  5(a)-(f)  respectively.  Impedance  plots  of  all  the 
compositions  at  200  °C  are  shown  in  Fig.  6(a)-(d).  Behaviour  of 
CSOl  5  and  CSO20  is  essentially  similar.  At  200  °C,  contribution  of 
the  grains  and  grain  boundaries  is  clearly  seen.  With  increasing 
temperature,  relaxation  frequency  of  all  the  polarization  processes 
increases.  This  shifts  the  plots  to  right  hand  side.  Arc  corresponding 
to  contribution  of  electrode  polarization  starts  appearing  at  250  °C. 
On  the  otherhand,  the  arc  corresponding  to  contribution  of  grains 
disappears  at  325  °C.  It  is  noted  from  Fig.  6  that  total  resistance 
given  by  Rg  +  Rgb  is  minimum  for  CS05  among  all  the  compositions. 
In  order  to  see  clearly,  the  contribution  of  the  grains,  the  data  is 
plotted  on  an  expanded  scale  in  the  insets.  Values  of  grains  (Rg) 
and  grain  boundaries  (Rgb)  resistance  can  be  determined  from  the 


Table  2 

Total  conductivity  (at  500  °C  and  600  °C),  activation  energy  of  grains  ( Eg ),  grain  boundaries  ( Egb )  and  total  (£t )  conductivity  of  various  compositions  of  the  system  Cei_xSrx02-x. 


S.  n. 

Compositions 

0 1  at  500  °C  (Scrn-1) 

crt  at  600  °C  (Scnrr1)a 

Eg  (eV) 

Egb  (eV) 

Et  (eV) 

1. 

Ce0.95Sr0.05O1. 95 

3.26  x  10-3 

1.53  x  10“2 

0.80 

1.06 

0.87 

2. 

Ce0.90Sr0.1O1.90 

1.33  xlO-3 

8.38  xlO”3 

0.83 

1.01 

0.97 

3. 

Ceo.85Sro.15O1.85 

9.41  x  10“4 

5.23  x  10“3 

0.86 

0.98 

0.96 

4. 

Ceo.80Sro.2O1.80 

7.34  x  10-4 

3.11  x  10“3 

0.77 

0.90 

0.88 

Data  obtain  from  extrapolation. 
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intercepts  of  these  arcs  with  the  real  axis  {!').  The  conductivity  of 
grains  is  determined  using  the  formula: 


where  ag  is  the  conductivity  of  the  grains,  Rg  is  the  resistance  of  the 
grains,  L  is  the  thickness  of  pellet  and  5  is  the  area  of  the  pellet.  Fig.  7 
shows  plots  of  log  agT  vs.l  000/T.  It  shows  that  bulk  conductivity  for 


all  the  four  compositions  is  almost  equal.  Conductance  of  the  grain 
boundaries  is  maximum  for  CS05  of  all  the  four  compositions  and 
decreases  in  the  order  CS05  >  CSOl 0  >  CSOl  5  >  CSO20.  At  low  tem¬ 
peratures,  values  of  conductance  for  grain  boundaries  are  almost 
equal  for  the  last  three  compositions.  The  difference  increases  with 
increasing  temperature.  Since  grain  boundaries  form  a  continuous 
path,  therefore,  the  total  conductivity  <rt  vary  with  composition 
in  the  same  manner  as  does  Ggb  (Fig.  9).  Activation  energy  of 
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Z(10ohm) 


Fig.  5.  Impedance  plots  for  the  composition  CSOIO  at  (a)  200  °C,  (b)  250  °C,  (c)  325  °C,  (d)  375  °C,  (e)  425  C  and  (f)  500  °C. 


conduction  for  the  grains,  Eg  was  determined  by  fitting  the  data 
in  Fig.  7  to  Arrhenius  relationship: 


where  cr0g  is  the  pre  exponential  factor,  k  is  the  Boltzmann 
constant  and  T  is  the  absolute  temperature.  Values  of  Eg  for 
all  the  compositions  determined  from  the  plots  are  given  in 
Table  2. 

Fig.  8  shows  log  GgbT  vs.  1000 /T  plots  for  all  the  compositions, 
where  Ggb  is  the  conductance  due  to  grain  boundaries.  These  plots 
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Fig.  6.  Impedance  plots  for  various  compositions  (a)  CS05,  (b)  CS010,  (c)  CS015  and  (d)  CS020  at200°C. 


are  linear  in  the  entire  temperature  range  of  measurement.  CS05  Total  resistance  of  the  sample  is  given  by  Rt  =  Rg  +  Rg b.  Total  con- 

exhibits  maximum  value  of  Ggb  of  all  the  four  samples.  Activation  ductivity,  at  has  been  determined  using  the  relation: 
energy  of  conduction  for  grain  boundaries,  Egb  for  all  the  composi-  ^ 

tions  has  been  determined  from  the  plots  by  least  square  fitting  of  =  $  x  W 

data  points  in  Fig.  8  and  is  given  in  Table  2. 

where  L  is  the  thickness  and  S  is  the  area  of  the  sample. 
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Fig.  7.  logcrgT  vs.  1000/7  plots  of  various  compositions  of  the  system  Cei_xSrx02-x. 


Fig.  8.  log  GghT  vs.  1000 jT  plots  of  various  compositions  of  the  system  Cei_*Srx02-x. 
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Fig.  9.  logOt-T  vs.  1000 /T  plots  of  various  compositions  of  the  system  Cei_xSrx02_x. 


also  due  to  higher  probability  of  formation  of  neutral  associated 
pairs,  Sr"Ce  -  V"  with  increasing  x. 

4.  Conclusions 

A  few  compositions  in  the  system  Cei_xSrx02_x  with 
0.05 <x< 0.2  have  been  prepared  by  citrate-nitrate  auto¬ 
combustion  method.  Single  phase  solid  solution  forms  in  the 
composition  with  x  =  0.05  at  as  low  temperature  as  600  °C.  All 
compositions  with  x>  0.05  contain  SrCe03  as  a  minor  phase  along 
with  the  major  fluorite  solid  solution.  93%  of  theoretical  density 
has  been  achieved  by  sintering  at  1350  °C  which  is  about  100°C 
lower  than  the  temperature  reported  in  the  literature  to  achieve 
the  same  density  in  ceria  based  solid  electrolytes.  This  is  due  to 
nano  size  of  the  powder  obtained  after  combustion.  Composition 
with  x  =  0.05  exhibits  ionic  conductivity  almost  equal  to  the  best 
reported  values  for  Ceo.8Sm0.2Oi.9  and  Ceo.8Gdo.2O19  at  600  °C. 
This  makes  it  a  potential  candidate  as  a  solid  electrolyte  for  ITSOFCs 
being  much  cheaper. 


Plots  of  log  crtT  vs.  1000/T  for  all  compositions  are  shown  in 
Fig.  9.  These  plots  are  essentially  similar  to  the  plots  of  correspond¬ 
ing  compositions  in  Fig.  8.  This  is  due  to  fact  that  grain  boundaries 
form  continuous  path  in  the  sample.  Therefore,  total  conductivity 
cr t,  varies  in  the  same  manner  with  temperature  as  does  Ggb.  These 
plots  are  linear  with  single  slope  in  the  entire  temperature  range  of 
measurement.  Activation  energy  of  total  conductivity,  Et  for  all  the 
compositions  has  been  determined  as  discussed  earlier.  Values  of 
£g,£gb  and  £t  are  given  in  Table  2.  It  is  observed  that  values  of  Fgb  and 
Ft  are  almost  equal  and  are  more  than  the  corresponding  Fg  values 
as  expected.  These  values  of  activation  energy  are  found  to  agree 
with  the  reported  values  for  the  singly  doped  and  co-doped  Ce02 
in  the  range  0.55-1.3  eV  [17].  Values  of  activation  energies  show 
that  conduction  occurs  due  to  migration  of  oxygen  vacancies. 

Values  of  crt  at  500  and  600  °C  for  different  compositions 
are  given  in  Table  2.  It  is  noted  from  the  table  that  compo¬ 
sition  with  x  =  0.05  exhibits  the  highest  conductivity  among  all 
the  compositions.  Its  conductivity  is  almost  equal  to  the  highest 
reported  values  of  conductivities  for  compositions  Ce0.8  Sm0.2  O1.9 
(1.20  x  10-2  Scm-1)  [9]  and  Ce0.8  Gd0.2  O1.9  (1.29  x  10"2  Scm"1) 
[10]  at  600  °C.  This  makes  it  a  potential  candidate  as  a  solid  elec¬ 
trolyte  for  IT-SOFC  being  much  cheaper  than  rare  earth  doped  ceria. 
Its  compatibility  with  other  cell  component,  however,  is  necessary 
for  its  application  in  IT-SOFC  and  this  needs  to  be  checked. 

Ionic  conductivity  of  (Ce02)i_x(SrO)x  decreases  gradually  with 
increasing  x.  This  is  due  to  the  formation  of  SrCe03  phase  [18]  and 
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